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An investigationwasperformedintheLangleyhigh-speed7- by
10-foottunnelin ordertodeterminetheroUingderivativesforswept-
wing-bodyconfigurationsatanglesofattackfranO0 to13° andathigh
subsonicMachnuuibers.Thewingshadsweepanglesof 3.60,32.6°, 45°,

. and60°attheqyarter-chordline,anaspectratioof4, a taperratio
of0.6, andanNACA65AO06airfoilsectionpsrallelto thefreestresm.
Theresultsindicatea reductionin thedamping-in-rollderivativecZp? atthehighertestanglesofattack.Ofthewingstested,instability
ofthedamping-in-rollderivative~Zp wasexperiencedoverthelargest
rangesofangleofattackandMachnumberforthe32.6°sweptbackwing.

Ingeneral,thevariationofthedamping-in-rollderivative
c%

withsweepangleat zeroangleofattackwasonlyin fairagreementwith
thepredictidvariation,inasmuchas the32.6°sweptbackwingshowedmore
dampinginrollat zeroangleofattackin theMachnumberrangefrom
0.85to0.93tha snyoftheotherplanforms.Thepredictedvsriation
‘f Cb at ZeroangleofattackwithMachnumberwasin goodagreement
withthe”experimentaltrendtothecriticalMch number.Contraryto
predictionsbasedonpotential-flowtheory,theyawingmomentdueto
rolllngwaspositiveandthelateralforceduetorollingwasnegative
at thehigheranglesofattackthroughouttherangeofMachnumberfor
allconfigurationsoftheinvestigation.Presentedhereinisa method
ofestimatingyawingmomentduetorollingandlateralforcedueto
rollingthroughtheangle-of-attackrange.Themethodis showntobe
applicableoverlargerangesofleading-edgeradii,wingthickness,and
Machnumber.Theresultsindicatea lossofwing-tipsuctionwithinthe
rangesofMachnumberandsingleof’attackinvestigated.

lSupersedesrecentlydeclassifiedNACAResearchMemorandumL5hc26* by JsmesW.Wiggins,1954.
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INTRODUOl?ION

.
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Thepresentinvestigationisa continuationof a progrsmbeingcon- —
ductedintheLsngleyhigh-speed7-by 10-foottunnelinordertodeter-

..

minetheeffectsofwinggeometryandangleof attackonrollingstability
derivativesathighsubsonicspee~. Reportedhereinareresultsonthe
effectof sweepangleandangleof attackontherollingderivativesfor
a bodyincombinationwithvariouswings.Thewingstestedhadsweep
anglesof3.6°, 32.6°, 450,and&)”atthequarter-chordlineandhada
taperratioof0.6, m aspectratioof4, andanNACA65Ao06airfoil
sectionpsrallelto thefreestream.Testswerealsoconductedonthe
450sweptbackwingwithwingfenceslocatedatthe65-percent-semispan
station,sincean appreciablelossof dampinginroll Clp wasnoted

at thehighertestanglesof attackfortheclean-wingconfiguration.

Thelongitudinalandlateralstabilitycharacteristicsofthewlng-
bodyandbody-aloneconfigurationsarepresentedinreferences1 to 3.
Thewinggeometryisdesignatedasinreference2. Forexample,the
designation3.6-k-.6-oo6 denotesa wingwiththequarter-chordlineswept
back3.6°withanaspectratioof 4,a taperratioof0.6, anda 6-percent- “
thickairfoilsectionwithzerocmnber. .

COEFFICIENTSANDSYMBOLS .x.

Thestabilitysystemofaxesusedforthepresentationoftheresults,
togetherwithan indicationofthepositiveforces,moments,velocities,
andangles,ispresentedin figure1. Allmomentsarereferredtothe
projectionofthequarter-chordpointofthewing

..- - -.on tneruse”lsgecenterune.

Cz rolling-momentcoefficient,

Cn yaw@g-moment

Cy lateral-force

coefficient,

coefficient,

CD dragcoefficient,Drag/qs

CL liftcoefficient,Lift/qS

Rollingmoment
qSb

Yawingmoment
qSb-

Lateralforce
qs

mesmaerodynamicchord

—

b
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a

pb
z

dynsmicpressure,PV2/2,lb/sqft

massdensityof air,slugs/cuft

rateofroll,radians/see

sweepangleat quarter-chordline,deg

free-streamvelocity,ft/sec

Machnumber

Reynoldsnumber

w5ngsxea,sqft

wingspan,ft

lateraldistancefromplaneof symmetry,ft

Tipchordwingtaperratio,Rootchord

bodylength

bodydismeter

aspectratio,b2/S

sngleof attack,deg

wing-tiphelixangle,radians

.,

.

—
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MODELANDAPPARATUS
.

A sketchofthemodelsinvestigatedanddetailsof’thefenceaxe
showninfigure2. AU.wingsexceptthe45°sweptwingwereconstructed

—

of 24-S-Taluminwnalloy.The45°sweptwinghada steelcorewitha
bismuth-tincovering.Thewhgs hada taperratioof0.6,anaspect
ratioof 4,andanNACA65AO06airfoilsectionandwereattachedtothe
fuselageh a midwingposition.Thegeometriccharacteristicsofthe
bodyarepresentedb tableI.

Themodelsweretestedontheforced-rollsting-supportsystemshown
infigure3. Anglesofattackwereobtainedbymeansofoffsetsting
adaptersinthestingbehindthemodel(fig.3). Theforcesandmoments
weremeasuredonaninternaUymountedelectricalstrain-gagebalance.

TESTSANDCORRECTIONS

Theforced-rolltestsweremadeintheLangleyhigh-speed7-by
10-foottunnelthrougha MachnumberrangefromO.~ to0.95sndthrough
a msximumangle-of-attackrangefrom0°to 13°. Testswerealsoconducted ●

on the45° sweptwingwithwingfenceslocatedatthe65-percent-semispan
station.TheveriationwithMachnumberof--themeanRe@oldsnumber
(basedonthemeanaerodynamicchordofthewing)andthemaximumvalues “
of pb/2V arepresentedinfigures4 and5,respectively.

TheblockingcorrectionsappliedtothedynemicpressureandMach
numberweredeterminedby thevelocity-ratiomethodofreference4. Drag
andangleof attackwerecorrectedforjet-boundaryeffectsby themethod
ofreference5,butan investigationofthejet-boundsrycorrectionsto
therollingderivativesbymethodssimilartothoseusedinreference6
indicatedthatthesecorrectionswerenegligible.Tsretestsweremade.
at zeroangleofattackwithandwithouta simulatedoffsetstingadapter
behinda similarnmdelandtheeffectswerefoundtobe negligible.

Thedatapresentedhavebeencorrectedforinertiaforcesandmoments
thatwereintroducedasthemodelwasrotated,withconsiderationbeing
givento deflectionsoftheentiresupportsystemunderaerodynamicloads.

Inorderto evaluatetheaeroelasticcorrectionsto Czp at zero
angleof attack,thewingswerestaticallyloadedinaccordancewith
theoreticalloaddistributionsobtainedfromreference7. Theresulting
incrementalchengesinwing-sectionangleofattackhavebeeninterpreted
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intermsof equivalentrotationalvelocitiesandtheresultsarepresented
infigure6. ‘Valuesofthe

catedat A=l. o Canbe
b/2

whichcanbe appliedtothe
equation

equivalentlineartwistdistributimindi-

U
pb—

interpretedas correctionincrements Y
qcz

measuredvaluesof pb/2V accordingto the

(cZ)meas= ()cap
Clp= Pb

mess
~ pb—-

()
l-~>

2V % qcz pb/2V
. mess

or

where

k . A(pb/2V)q
qc~

andispresentedasa functionofMachnumberinfigure7.

Distortioneffectson Cnp and C-yphavebeenroughlyestimated
and,sincetheseeffectsappearedtobe smallovertheangle-of-attack
rangeforallwings,theyhavebeenneglected.

Thesngleof attackattheplaneof symmetryhasbeencorrected
forthedeflectionofthemodelad supportsystemunderload.Alldata
srereferredto thestabilityaxessystem.
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Theresults
inthefollowing

Results

RESULTS

ofthepresent
table:

Ct egainstpb/2V . . . . . .
c~ againstpb/2V . . . . . .

%p againsta .... . . . .
i

ANDDISCUSSION

investigationsre

. . . . . . . . .

. . . . . . . . .

. ..*. . . . .
\

~ agatistM (%pboundaries). . . . . . . .

%P against CL”. . . . . . .
CyP%ainst a.......

%p againstM (comparedwith

%p againstA (comparedwith

Clp againsta (comparedwith

Cyp againsta (compsredwith

CDaga~stU . . . . . . . .
Cnp againsta (comparedwith

~Yp againstu (comparedwith

/
. . . . . . .

. . . . . . .

calculations)

calculations)

calculations)

calculations)

. ..0.. .

calculations)

calculations)

. .

. .

. .

. .

. .

. .

. .

. .

. .

presentedasoutlined

EuY22
. . . . . . . . . 8
. . . . . . ..* 9
. >. . . . . . . lo_
. . . . . . . . . SL
. . . . . . . . . E.
. . . . . . ..* 13
. . . . . . . . . 14
. . . . . . . . . 15
. . . . . . ..* 16-
. ..*** .0. 17

. ..**. 18and19

. ..0.. 20to 22

. . . . . . 23and24

Resultsof Cl and Cn plottedagainstpb/2V srepresentedin

N-. .

figures8 and9 onlyforthoseangle-of-attackconditionsforwhichpro-
nouncednonlinearities,withrespectto pb/2V,wereindicated.Forall
conditionsnotcoveredinfigures8 and9,thedataweresufficiently
lineartopermitadequaterepresentationsof.theresultsby meansof
derivativeswithrespectto pb/2V.

ExperimentalRollingDerivatives

Rollingmomentduetorolling.-Ingener~,thedsmpingduetoroll
c2p decreasedaboveansingleofattackof about6° (fig.10),andin

theregionof lowdampingorpositivevaluesof %p) thevariationof

rollingmomentwithrollingvelocitywasrathererratic(fig.8). These
nonlinearitiesandrangesofuncertaintiesof Cz againstpb/2V are
difficultto analyzeinq~titativetermsof..Czp (seeshadedareas
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of figs.10,U, and16, whichsreapproximatelyaveragevaluesof %p)-*
I and,therefore,theapplicationofthedatawithrespectto controlJa-

bility,rolling,anddynamicstabilityshouldbe carefullyconsidered.
Someadditionalremsrksonthedsmpingforthesewingsaregiveninref-
erence8.

At smangleofattackof ll”anda Machnumberof0.85,the
3.6°swept-wingdata(fig.8(a))showa pronouncedhysteresis.Thedata
wereobtainedby rollingthenmdelfromtheextremenegativevalues
of pb/2V to theextremepositivevaluesof pb/2V,thenbackthrough
the pb/2V range.It shouldbe@nted outthatthesenonlinesrities
andhysteresisoccurabovetheangleofattackatwhichthiswingindi-
catesa peakintheUft curve(ref.1).

Theresultsforthe32.6°sweptwing(figs.8(b)and10(b))show
that,ingeneral,at thehigherMachnumbersandanglesofattack,an
unstablecondition(positivevaluesof CZP)isapparentovera wide
rangeofrollingvelocities;whereasa stableconditionis indicatedonly
at theextremeratesofroll.Theresultspresentedin figureU show
that,of thewingsinvestigated,tl.d.splanformshowedunfavorable
damping-in-rollcharacteristics(indicatedby C@ overthelargest.
testrangesofMachnumberandangleofattack.

& The45° sweptbackwingshowsonlya smallregionof zeroorreverse
dsmpingwhichoccurredata Machnumberof0.91,anangleofattackof
about10.80,andatlowvaluesof pb/2V.(Seefigs.8(c)and10(c).)
Considerablelossindampingdidexist,however,atthehighertest
anglesofattackthroughoutthetestrangeofMachnumber.Thecon-
figurationwithfencesinstalleddidnotexhibitasmuchlossofdamping
athigheranglesofattackasdidthecleanconfiguration.Aswasshown
inreference9, thefencesimprovetheliftingcapabilitiesoftheair-
foilsectionsnearthewingtipson the4Y sweptwingand,therefore,
improvethedampinginrollSswellasthehigh-liftlongitudinal
stability.(Seerefs.8 and10.)

Thedecreaseh dsmpingnotedforallwingsatthehighertest
snglesof attackisprobablyassociatedwithtip-stal-lingas shownfor
the45°sweptbackwinginreferences9 andU.

Yawingmomentandlateralforceduetorolli.ng.-Thevsriationof
theyawing-moment-due-to-roll@gderivativeCnp withangleof attack

ispresentedinfigureU?. Thegeneraltrendof
c%

withangleof

attackissimilsrforallwings;thatis,zeroor slightlynegative
valuesareobtainedattheloweranglesof attackandpositivevalues

. areobtainedatthehighertestanglesof attack.

.
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In figure13, thevariation
sented.Negativevaluesof ~p

of CyP withangle
(lateralforcedue

indicatedatthehighertestanglesof attackandat
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ofattackispre-
torolling)are

mostMachnumbers
forallconfigurationstested.A discussionandpossibleexplanationof
thebehaviorof Cnp and Cy throughthetestangle-of-attackandMach

P
numberremgeanda methodforestimatingthesederivativesarepresented
inthefollowingsection.

EstimationsofRollingDerivatives

RollinRmomentduetorolling.-A comparisonoftheexperimental&d
calculatedvariationsof CZP atzeroangleofattackwithMachnuniber
ispresentedinfigure14. Thecalculatedvariationswereevaluatedby
themethodsdescribedinreferences7 and12. Thepredictedtrend,at
leastuptothecriticalMachnumber,isinfairlygoodagreementwith
experiment.Theaeroelasticeffectsareseentobeofappreciablemagni-
tudeforthe45°and60°sweptbackwings.

Thevariationof Czp at zeroangleof attackwithsweepanglepre- .

sentedinfigure17 showsthat,atthehigherMachnumbers(0.@ to0.93),
the32.6osweptbackwinghashighervaluesofdamping,correctedforaero- ‘1
elasticity,thantheothertestwings,althoughthecalculationsofref-
erences7 and12predicta decreaaein Ctp withincreasingsweepangle.

A comparisonofthevariationof C?p withangleofattack,forall

configurationstested,determinedby experimentandcalculations,isshown
in figure16. Valuesof CZP at zeroangleof attackweredetermined

fromreference7,andcompressibilityeffectswereevaluatedfromref-
erence12. Angle-of-attackeffectsweredeterminedlytheprocedureof
reference13byusingtheexperimentallift=curveslopesofreferences1
and2. Ithasbeenshowninreference14thatroot-bending-mcmentdata
wouldbemoreappropriatethanld-ftdatainevaluatingangle-of-attack
effectson Cl j however,bending-momentdatawerenotavailableatthese

P
anglesofattackforthewingsofthepresentinvestigation.Thequanti-
tativeagreementshowninfigure16isnotverygood;however,theexperi- -
mentalandpredictedvaluesshowsimilartrends.

Yawinamomentduetorollinz.-Inreferences14and15,methmlsere
presented”~orthepredictionof Cnp throughan

usingcorrespondingexperimentaldragdata.The
hasbeenshowntopredict~p throughthetest

angle-of-attackrange
methodinreference14
angle-of-attackrange .

.
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considerablybetterresultsthanthemethoddescribedinrefer-
1~. Thisresultisprobabwduetothefactthatthemethodofref-

erence15predicts%p ~y etirapolatingfromthepotential-flowtheory

by useofexperimentaldragdataandanempiricallydete?hinedfactor
thatisproportionalto a drsg-centermomentarm;whereastheprocedure
ofreference14predictsCn by usingtheexperimentaldragdatato

P
proportion%p relativetotwolmownconditions.Briefly,themethod
ofreference14 consistsofproportioning~p relativeto thecondition

of potentialflowwheretheresultantforceisnormalto therelative
windandto theconditionforwhichtheresultantforceisnormalto the
wingchord.An equationispresentedtheretiforevaluat@ Cnp for

triangdsrwings.However,forotherwingplanforms,thisequationmust
be nmdifiedas follows:thepotential-flowvalueof ~p fortriangular

planforms(ref.16) mustbereplacedby thevalueforwingsof taper
ratiosotherthanO, andanadditionalterm,showninreference15for
low-aspect-ratiowhgs tobe a resultofwing-tipsuction,mustbe con-
sidered.Withtheseconsiderationsapplied,thefollowingeqmtioncan
be written:

●

(C%=-CZptsna-K-CZp tanm-
)()

b% + Cnp (1)
CL tip suction

wherethepotential-flowvaluesof ~p/~ canbe determinedfromref-
erence17an@eitherexperimentalor c&Lculatedvaluesof Clp canbe

used. ThefactorK isa dimensionlessfactorthatrelatesCnp to
anyintermediateflowconditionthatexistsbetweentheconditionswhere
theresultantforceisnormaltotherelativewindandwheretheresult-
antforceisnormaltothewingchordandcanbe determinedfromthedrag
dataoffigures18 and19as fo~ows:

~. .

Thetip-suctioncontributionis

()%p tipsuction

da fiA

expressedinreference15 as

()= -cYp~+o :
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where d .isthelongitudinaldistspcefromthemidchordpointatthe
wingtipto thecoordinateoriginandisdefinedas

where X’ is
origintothe

d= b

( )

A~tanA+I +X’
2(1i-A)

thelongitudinaldistahcere-srd fromthecoordinate
wingaerodynamiccenter.An attemptwasmadeinrefer-

ence15toaccountfortipsuctionby correlati~dataobtainedat low
speedson 12-percent-thickunsweptwingswiththeslender-trianguMx-body
theoryofreference16. Showninreference15isane@rical expression,
determinedfroma limitedmountofdata,thatexpressesthetip-suction
contributionas

() %Wp ‘~
A=OO

Thetip-suctioncontributionto Cnp canbewrittennowintermsofthe

empiricallydeterminedsuctionforceandmomentsrmas

()% ‘% (‘2+A A

)

% x’=-
P tipsuction

—tsmA+– -——
2A(1+A) 3 A Ab

Forthewingsofthepresentinvestigation,X’ isequl toO. The
resultspresentedin figure20at a Machnumberof0.70showthatvalues
of ~p evaluatedby useofeqyation(l),usingcalculatedvalues

of Clp,areinbetteragreementwithexperimentthsnvaluesdetermined

independentlyoftheconsiderationoftipsuctionbythemethodofref-
erence15. It shouldbepointedout,althoughnotshown,thata similar
comparisonofthetwomethodswasobtainedfortheotherwingstested.
Betteragreementisindicatedwhenthetipsuctioninequation(1)is
assumedtobeO; however,thisresultisnotsurprisinginasmuchasthe
experimentalvaluesof Cyp fortheunsweptwing(which=e dueprimarily

to tipsuction)presentedinfigure17 indicatethat,withinthetest
rangesofMachnumberandangleofattack,thetip-suctioncontribution
canbe neglected.Thedatafora Machnumberof0.15(fig.17)were
obtainedfromreference18.

Theleading-edgecontributionto Cnp wouldbe expectedtovary

—

.
considerablywithleading-edgeradii;consequently,infigure21low-speed
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resultssrepresentedfor12.percent-thickwings(ref.19)whoseleading-
.-1 edgeradiivsryfroma verysharpone to a very bluntone. Thewings

reportedinreference19hadanaspectratioof 2.61, a taperratio
of 1.0,and450sweepback.A comparisonof experimental~p withcal-

culatedvaluesevaluatedby useofequation(1)ispresentedtifigure22
forthewingsofthepresentinvestigationatvariousMachnmberswhere
bothexperimentalandcalculatedvalu~sof Ctp wereused;thetip-

suctioncontributionto C9 wasassumedtobe O. Theagreementiscon-
sideredgoodforallwingstestedwhereeitherexperimentalor calcu-
latedClp areusedinequation(1),andtherestitspresentedinfig-
ures21 and22 indicatethatthepresentmethodofestimatingCnp

(eq.(1),withouttip-suctioneffects)is applicableoverlsrgersnges
of leading-edgeradii,wingthickness,andsubsonicMachnumbers.

Lateralforceduetorolling.-An expressionfordeterminhg Cyp

forthepotential-flowcasecanbe obtainedfromreference17andwritten
as

.

4

and,forthenonpotential
thewingchordplane,Cyp

= CL A+cosA t=A
A+kcosA

case,whentheresultantforceisnormalto
wouldbe eqwl toO. By consideringthe

tip-suctioncontributionandby applyingthefactorK, theequationcan
be written

cYp
(

=K~
)

‘+cOsA tanA +
A+4COSA

wherethetipcontributionto Cyp canbe

() (2)
‘p tipsuction

expressedas

()CYP
%=—

tipsuction A

In figure23,valuesof Cyp evaluatedby equation(2)andvalues

determinedby thepotential-flowmethodofreference15 arecompared
withlow-speeddataofreference19. Intheapplicationofequa-
tion(2),thecontributionofthetipwasassumedtobe zero;however,. theorderofmagnitudeofthetip-suctioncontributionisindicated

.
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inthecomparisonofthevaluesdeterminedby theproceduresdescribed
inreferences15and17. Betteragreementisindicatedwhenequation(2)
of thepresentpaperisused;however,thisagreementisnotsurprising
inasmuchasthemethodsofreferences15and17donotaccountforany
nonpotential-floweffectsontheleading-edgecontribution.Theresults
of thepresentinvestigationarecomparedwithvaluesevaluatedby use
of eqyatidn(2),withouttip-suctioneffects,infigure24. Theagree-
mentshownisreasonablygood,particularthenegativetrendindicated
at thehighertestanglesofattack.

CONCLUSIONS

An investigationconductedtodeterminetheeffectsof sweepangle
on therollingderivativesathighsubsonicMachnumbersandhighsngles
ofattackfora seriesofsweptwingswithaspectratioof4, taper
ratioof0.6,andNACA6zo06 airfoilsectionsindicatesthefollowing
conclusions:

1.Theresults showlargereductionsinthedamping-in-rollderiva-
tive Czp atthehighertestanglesof attackforallwingstested.Of

thewingsinvestigated,theresultsforthe32.6osweptbackwingshowed
unfavorabledsmping-in-rollclw?acteristics(indicatedby Up) overthe
largestrangesof angleofattackandMachnumber.

2. Wingfencesonthe45°sweptbackwingatthe65-percent-semispan
stationareshownto improvethedamping-b-rollderivativeCzp atthe

highertestanglesofattackrelativetotheclean-wingconfiguration.

3. h general,thevariationofthedamping-in-rollderivative%p
at zeroangleof attackwithsweepanglewasonlyinfairagreementwith
thepredictedvariationwithsweepangle,inasmuchasthe32.6°sweptback
wingshowedmoredampinginrollintheMachnumberrangefrom0.85
to0.93thananyoftheotherplsmforms.

4.Thepredictedvariationof Czp at zeroangleofattackwith

Machnumberwasingoodagreementwiththeexperimentaltrenduptothe
criticalMachnumber.

5. Contrsrytopredictionsbasedonpotential-flowtheory,theyawing
momentdueto roll- Cnp waspositivemd thelateralforcedueto

rollingCyp wasnegativeatthehighertestanglesofattackforall

.

#y-

—
.

4

wingstested.
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6. Theresultsindicatea lossinwing-tipsuctionwithinthetest
-i rangesofMachnumbersndangleofattackinvestigated.

7. Presentedhereinisa methodofestimatingCnp (yawingmcment

duetorolling)and Cyp (lateralforcedueto rolling)throughthetest

angle-of-attackrange.Thismethodisshowntobe applicableoverlsrge
rangesof leading-edgeradii,wingthickness,andsubsonicMachnumbers.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Vs.,MarchU, 1954.
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TABLEI.-FUSELAGEORDINATES

~%sicfinenessratioU, actualfinenessratio9.8
achievedby cuttingoffrearportionofbod~

rz=4’””””—
*“*’”982 -

t

— d-i?lm———

Ordinatis,percentlength

Station Radius

o 0
.61 .28
.91 .36

1.52 .52
3.05 .@
6.10 1.47
9.15 1.97

IZ.20 2.40
18.29 3.16
24.39 3.77
30.49 4.23
3J.5J 4.56

4.80
#:78 4.95
54.8a 5.05”
60.98 5.08
67.07 5.04
73.17 ;.g
79.27
85.37 4:34
91.46 3.81

lfx).oo 3.35

Leading-edgeradius= 0.0006z

.

.

—

.
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